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Misexpression of the Emx-Related Homeobox Genes
cVax and mVax2 Ventralizes the Retina
and Perturbs the Retinotectal Map
head (Curcio et al., 1990). Other asymmetric distribu-
tions of cell types along the retinal axes have been de-
scribed for several vertebrate species, indicating that
neurons are organized in two-dimensional patterns
across the retina.
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Harvard Medical School The presence of a two-dimensional coordinate system
across the retina is clearly evident in the ganglion cellBoston, Massachusetts 02115
²Laboratory of Molecular Microbiology layer. These retinal output neurons project into the cen-
ters of higher visual processing, the optic tectum inNational Institute of Allergy
and Infectious Disease nonmammalian vertebrates and the superior colliculus
in mammals, forming a point-to-point topographic mapNational Institutes of Health
Bethesda, Maryland 20892 (Crossland et al., 1974). Retinal ganglion cell axons ema-
nating from the temporal (posterior) retina project into
the rostral (anterior) optic tectum, while ganglion cell
axons from the nasal (anterior) retina map onto the cau-
Summary dal (posterior) tectum. Likewise, axons from the dorsal
retina project onto the lateral (ventral) tectum, while
The mechanisms that establish the dorsal±ventral those from the ventral retina map onto the medial (dor-
(D±V) axis of the eye are poorly understood. We iso- sal) tectum. To ensure that an accurate topographic
lated two homeobox genes from mouse and chicken, map will form, ganglion cells must have positional identi-
mVax2 and cVax, whose expression during early eye ties that allow them to map to appropriate areas of
development is restricted to the ventral retina. In chick, the tectum. The positional values underlying retinotectal
ectopic expression of either Vax leads to ventralization mapping are believed to result in gradients of cell sur-
of the early retina, as assayed by expression of the face markers across the retina and optic tectum, which
transcription factors Pax2 and Tbx5, and the Eph fam- mediate the formation of the map (Sperry, 1963).
ily members EphB2, EphB3, ephrinB1, and ephrinB2, The discovery that a family of receptor tyrosine ki-
all of which are normally dorsally or ventrally re- nases (Eph receptors) and their membrane-bound ligands
stricted. Moreover, the projections of dorsal but not (ephrins) are expressed in gradients within the chick
ventral ganglion cell axons onto the optic tectum retina and tectum provided promising candidates for
showed profound targeting errors following cVax mis- these proposed cell surface markers (Cheng et al., 1995;
expression. mVax2/cVax thus specify positional iden- Drescher et al., 1995). Specifically, the Eph receptor
tity along the D±V axis of the retina and influence reti- EphA3 and its glycosylphosphatidylinositol-anchored
notectal mapping. ligands, ephrinA2 and ephrinA5, are expressed in gradi-
ents along the A±P axes in the retina and the major
Introduction visual centers. Several experimental approaches, in-
cluding retroviral misexpression of the molecules in
Vertebrate eye development begins with a series of mor- chick embryos in ovo, in vitro assays, and the study of
phogenetic and inductive events that lead to the specifi- mouse knockouts, has confirmed their importance in
cation of the major eye structures. These include the the guidance and mapping of ganglion cell axons (Na-
ectodermally derived lens, which forms distally, and a kamoto et al., 1996; Brennan et al., 1997; Monschau et
series of neuroectodermally derived structures, the neu- al., 1997; Feldheim et al., 1998; Frisen et al., 1998; re-
ral retina, the pigmented epithelium, and the optic nerve. viewed by Flanagan and Vanderhaeghen, 1998). The
An early and fundamental aspect of eye development model emerging from these studies is that ganglion cell
is the establishment of the anterior±posterior (A±P) and axons along the retinal A±P axis are guided to their
dorsal±ventral (D±V) axes within the neural retina. Differ- proper sites within the tectum by repulsion away from
ent cell types are aligned along these axes in patterns inappropriate sites.
that are profoundly important for vision. For example, A role for Eph molecules in establishing retinotectal
the dorsal and ventral hemispheres of the adult mouse projections along the D±V axis has also been suggested,
retina are dominated by middle- and shortwave cone although the mechanisms by which they may act are
photoreceptors, respectively (Szel et al., 1992). The fo- unclear (Holash and Pasquale, 1995). Specifically, two
vea, the center of high-acuity vision in primates, is lo- B-type Eph receptors, EphB2 and EphB3, are ex-
cated in the central retina, just nasal to the optic nerve pressed in gradients within the ventral retina and are
present on ganglion cell axons (Holash and Pasquale,
1995; Braisted et al., 1997; Connor et al., 1998). Their
³ To whom correspondence should be addressed (e-mail: cepko@ transmembrane ligands, ephrinB1 and ephrinB2, are ex-
rascal.med.harvard.edu). pressed in the optic tectum, but not in a distribution§ These authors contributed equally to this work.
that would suggest a simple form of axon repulsion‖ Present address: Center for Developmental Biology, The University
(Braisted et al., 1997). Although targeted deletions ofof Texas, Southwestern Medical Center at Dallas, Dallas, Texas
75235. EphB2 and EphB3 have been generated, there is no
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Figure 1. Sequence of mVax2 and cVax
(A) Sequence comparison of mVax2 and cVax. Identical amino acids are indicated, and the homeodomains are boxed.
(B) Amino acid sequence alignment of the Vax homeodomains with other Emx-related homeodomains. Residues identical to mVax2 protein
are indicated by dashes.
(C) Chromosomal mapping of mVax2 to mouse chromosome 6, between Wnt7a and D6Xrf91.
direct evidence implicating either molecule in retinotec- retina during early embryonic development. Overex-
pression of Xenopus Vax2 or human VAX2 in Xenopustal mapping (Henkemeyer et al., 1996; Orioli et al., 1996).
In contrast to the A±P axis, where methods such as the embryos leads to an aberrant eye phenotype, character-
ized by a grossly expanded optic stalk, and expansionstripe assay have provided important insights into axon
guidance mechanisms, the behavior of ganglion cell ax- of Pax2, a marker of optic stalk and disc (Barbieri et al.,
1999). These data suggest that Vax2 plays a role in earlyons along the retinal D±V axis in response to the lateral
or medial tectum has not been clearly established. More- eye field division but do not address the role of Vax
genes in retinal D±V asymmetry and retinotectal projec-over, the mechanisms that control the graded expres-
sion of A- or B-type Eph molecules in the retina are not tion. We show that ectopic expression of either gene in
the dorsal retina is sufficient to completely ventralizeunderstood.
An important prerequisite for any aspect of retinal the expression patterns of several known markers of
retinal D±V asymmetry, including the EphB moleculespatterning is the acquisition of distinct positional cues
within the developing retina along A±P and D±V axes. EphB2, EphB3, ephrinB1, and ephrinB2, as well as Tbx5
and Pax2. Moreover, ectopic cVax expression causedSurgical manipulations, such as excision or rotation of
the eye anlage, followed by analysis of the retinotectal profound targeting errors of dorsal ganglion cell axons
in vivo. The data presented here suggest a central roleprojection map, have suggested that the retinal A±P axis
is determined before invagination of the optic vesicles for mVax2 and cVax in the early patterning of the neural
retina and have important implications for the under-(DuÈ tting and Thanos, 1995). Recent work on the winged-
helix transcription factors chick brain factor 1 and chick standing of axon guidance along the retinal D±V axis.
brain factor 2 (CBF-1 and CBF-2) has shed light on
some of the molecular pathways that control the early Results
acquisition of A±P polarity in the chick retina (Yuasa et
al., 1996). However, the mechanisms that establish D±V Cloning of mVax2 and cVax
To identify factors that could determine D±V polarity inpolarity within the neural retina remain largely unknown.
Here, we describe the cloning and identification of the vertebrate retina, we screened by degenerate PCR
for molecules that show differential expression alongtwo Emx-related homeobox genesÐmVax2, also re-
cently reported (Barbieri et al., 1999; Ohsaki et al., 1999), the D±V axis of the mouse retina early in development.
In the course of our analysis, we isolated a mouse cDNAand cVaxÐthat are expressed specifically in the ventral
D±V Patterning of the Retina by Vax Genes
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Figure 2. Expression of mVax2 and cVax
(A±D) Expression of mVax2 during early
mouse development was analyzed by whole-
mount and section in situ hybridization.
(A and B) Beginning at E9.5, expression of
mVax2 was observed in the ventral portion of
the optic vesicle.
(C) At E10.5, expression was found restricted
to the ventral optic cup.
(D) Coronal sections at E12.5 showed expres-
sion of mVax2 in the ventral retina. mVax2
signal was not detected in the lens, cornea,
or optic stalk.
(E±H) Expression of cVax during chick embry-
onic development was analyzed by whole-
mount and section in situ hybridization.
(E and F) Within the developing eye, cVax
expression was restricted to the ventral optic
vesicle at HH stage 14 (E) and remained to
be confined to the ventral eye after optic cup
invagination, at HH stage 22 (F).
(G and H) Section in situ hybridization on co-
ronal chick retinal sections at E4 (G) and flat-
mount in situ hybridization on an E6.5 retina
(H) revealed graded expression in the ventral
retina.
The arrowheads in (A), (B), and (E) indicate
the ventral optic vesicle/early optic fissure;
the arrowheads in (C) and (F) indicate the ven-
tral optic cup. Scale bar, 0.5 mm (A±F and H);
and 0.25 mm (G).
clone encoding a novel, predicted homeodomain-con- the expression profile of cVax during development ap-
proximates that of both mVax1 and mVax2 (see below),taining protein of 293 amino acids (Figure 1A) that shared
significant homology to the Emx family of homeobox suggesting that cVax encompasses the function of both
murine Vax genes.genes, which are thought to be involved in regionaliza-
tion of the telencephalon (Figure 1B) (Boncinelli et al.,
1995; Shimamura et al., 1995). Within the homeodomain, mVax2 and cVax Are Expressed Exclusively in
the Ventral Retina during Eye Developmentthe deduced amino acid sequence was identical to that
of another recently identified Emx-related gene, Vax1, To gain further insights into the function of these genes,
the spatial and temporal expression patterns of mVax2which is expressed in the optic stalk and ventral fore-
brain during mouse and Xenopus development (Hallonet and cVax within the neural retina were examined by
whole-mount and section in situ hybridization (Figureet al., 1998). The gene that we identified was isolated
independently by Ohsaki et al. (1999) and Barbieri et al. 2). During neurulation, bilateral optic vesicles appear as
evaginations from the diencephalon. The optic vesicles(1999). It is referred to as mVax2. Unlike mVax1, mVax2
is expressed exclusively in the ventral retina, both during subsequently invaginate to form the bilayered optic cup,
which gives rise to the neural retina and pigmentedembryonic development and in the adult, as determined
by Northern blot analysis (data not shown) and in situ epithelium. At this time, the optic stalk, which is a tran-
sient structure supporting formation of the optic nerve,hybridization (see below, Figures 2A±2D). mVax2 was
mapped to chromosome 6, linked to Cbl-ps1, D6Xrf91, is formed. Expression of mVax2 was first detected at
embryonic day 9.5 (E9.5) of mouse development, afterWnt7a, and Pang (Figure 1C), a region syntenic to the
chromosomal region harboring the EMX1 locus in hu- neural tube closure. At this stage, expression was re-
stricted to the ventral portion of the optic vesicle (Figuresmans (Kastury et al., 1994). It is interesting to note that
mVAX1 is found near the EMX2 locus (Hallonet et al., 2A and 2B). After invagination of the optic vesicles and
optic cup formation, at E10.5 and E12.5, graded expres-1998), perhaps indicating that this family arose from a
tandem duplication event. sion was observed in the ventral hemisphere of the retina
(Figures 2C and 2D). The expression of mVax2 sharplyTo utilize the experimental advantages of the chick
embryo system for testing gene function during develop- contrasts with that of mVax1 (Hallonet et al., 1998), as
no expression in the optic stalk or ventral telencephalonment, we searched for chick homologs of mVax2. After
screening several early embryonic and retinal cDNA li- was found. In chicken, cVax transcripts were first de-
tected within the ventral eye at Hamburger-Hamiltonbraries, only a single Vax homolog was isolated from
chick retinal cDNA. The encoded protein, cVax, is most (HH) stage 14, as the optic vesicle invaginates (Figure
2E). Expression continued to be restricted to the ventralclosely related to mVax1 (Figures 1A and 1B). However,
Neuron
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Figure 3. Expression of cVax, Pax2, Pax6,
and Tbx5 during Early Chick Eye Devel-
opment
(A±H) Expression of cVax, Pax6, Pax2, and
Tbx5 was analyzed by whole-mount in situ
hybridization at different times before and
after initiation of optic vesicle invagination;
stages and probes were as described below.
(A±C) Ventral views of chick embryos at HH
stage 10, showing the expression of cVax (A),
Pax6 (B), and Pax2 (C).
(D±F) Side views of the head region of chick
embryos at HH stage 12/13, i.e., shortly be-
fore invagination of the optic vesicles; hybrid-
ization with probes for cVax (D), Pax6 (E), and
Pax2 (F).
(G±J) Expression of cVax (G), Pax6 (H), Pax2
(I), and Tbx5 (J) in the head region of chick
embryos at HH stage 14. This time corre-
sponds to the initiation of vesicle invagination
and formation of the optic cups.
Anterior is to the right, posterior to the left;
dorsal is up, and ventral is down (D±J). Scale
bar, 0.25 mm.
retina at HH stage 22 (Figure 2F) and at E4 (Figure 2G), seen in the optic vesicles at this stage (Figure 3C). At
HH stage 121/13, expression of cVax extended from theas well as later in development (Figure 2H; data not
shown). In situ hybridization of flat-mounted intact reti- telencephalic ventral midline toward the optic vesicles,
marking a narrow stripe of cells lining the posterior,nae at E6.5 (Figure 2H) revealed that the area of cVax
expression was quite similar to the expression domains proximal wall of the vesicles (Figure 3D). Unlike Pax2,
which is expressed in the ventral, proximal optic vesicle,of the ventrally enriched Eph receptors EphB2 and
EphB3 (see below). cVax expression does not extend into the optic vesicle
(Figures 3D and 3F). Expression of Pax6 at this stageThe onset of mVax2/cVax expression in the ventral
optic vesicle raised the possibility that these genes are became increasingly restricted to the distal/dorsal optic
vesicles (Figure 3E). At HH stage 14, as the optic vesiclesinvolved in the early patterning steps that lead to the
formation of the bilayered eye structure. To further as- began their ventral invagination, cVax expression could
be seen in the optic stalk region and the ventral retina,sess this possibility, we compared the expression of
cVax with the expression of two Pax genes that are in domains very similar to those of Pax2 (Figures 3G
and 3I; data not shown). In contrast, Pax6 transcriptsimportant for eye morphogenesis: Pax2, a marker for
optic stalk and optic disc, and Pax6, which delineates were confined to the dorsal eye cup (Figure 3H). Expres-
sion of cVax also persisted in the ventral telencephalonthe future neural retina, pigmented epithelium (PE), and
lens (Nornes et al., 1990; Walther and Gruss, 1991) dur- at this stage (Figure 3G). The transcription factor Tbx5,
a marker for early dorsal retina (Gibson-Brown et al.,ing early chick embryonic development. At HH stage
10, when the optic vesicles begin to evaginate, cVax 1998; Isaac et al., 1998; Logan et al., 1998; Ohuchi et
al., 1998), was first observed at HH stage 14 (Figuretranscripts were found at the anterior neuropore as well
as in a narrow band along the ventral midline of the 3J). Later in development, expression of Pax2 became
restricted to the optic stalk and optic disc, while that oftelencephalic vesicle (Figure 3A). This expression do-
main was proximal to the optic vesicles, which ex- cVax persisted in the optic stalk and in the ventral neural
retina (data not shown). In summary, cVax expressionpressed Pax6 (Figure 3B). Pax2 transcripts were not
D±V Patterning of the Retina by Vax Genes
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Figure 4. Effect of Vax Misexpression on Early Markers of D±V Asymmetry in the Eye
(A and B) Expression of Pax2 was observed at HH stage 17, after pMiwIII-cVax and pMiwIII-GFP were electroporated into the right optic
vesicle at HH stage 9.
(A) Typical expression profile of Pax2 in the left, control side; expression is restricted to the ventral retina, and absent from the dorsal retina
(arrow).
Right, experimental side of the embryo shown in (A). The arrow indicates ectopic expression of Pax2 in the dorsal retina following cVax
electroporation.
(C and D) Expression of Tbx5 at HH stage 17 after electroporation of pMiwIII-cVax and pMiwIII-GFP. Left, control side, (C) and right, experimental
side, (D) of an embryo following electroporation at HH stage 9 into the right optic vesicle. The arrows indicate the dorsal retina. Tbx5 expression
was abolished in the dorsal retina after cVax electroporation (D) but was not altered in the left, control eye (C).
(E and F) Correlation of ectopic Pax2 induction and transgene expression following electroporation.
(E) Pax2 expression was upregulated in the dorsal retina after electroporation of cVax/GFP.
(F) Higher magnification of the boxed area in (E) as observed under UV light, visualizing the retinal domain expressing GFP. The extent of
GFP expression (F) correlates with the observed Pax2 induction shown in (E).
Scale bar, 0.25 mm.
in the eye began after initiation of the formation of the was significantly downregulated following misexpres-
sion of cVax (12 of 15 cases; Figures 4C and 4D). Tobilayered eye cup and was thus delayed relative to Pax2
and Pax6. identify transfected cells, a pMiwIII plasmid carrying
green fluorescent protein (GFP) was coelectroporated
with pMiwIII-cVax. This enabled visualization of the cellsVax Misexpression Causes Ventralization of Some
of the Earliest Markers of Retinal D±V Asymmetry that had taken up the transgenes by virtue of GFP ex-
pression. Figures 4E and 4F show a typical example ofThese expression patterns of mVax2 and cVax sug-
gested that they may play a role in establishing D±V an embryo after pMiwIII-cVax and pMiwIII-GFP coelec-
troporation. Ectopic expression of Pax2 in the dorsalpolarity in the neural retina. To test this possibility, we
employed in ovo electroporation (Muramatsu et al., retina (Figure 4E) was observed in areas that were trans-
fected with the transgenes, as visualized under ultravio-1998) to express these ventral genes throughout the
entire chick retina. The expression profiles of genes let (UV) light (Figure 4F). Electroporation of pMiWIII-GFP
alone did not alter the expression domains of Tbx5 orexpressed asymmetrically along the D±V axis were then
assayed by in situ hybridization. Electroporation allows Pax2 (data not shown). In summary, both the domain
of Pax2 induction and the domain of Tbx5 repressiontransient, high-level expression in large areas of the
retina almost immediately after gene introduction, en- correlated well with the areas of transgene expression.
abling an assessment of changes in the expression pro-
files of two of the earliest known markers of D±V polarity, Ventralization of EphB Receptor and Ligand
Expression following Vax MisexpressionPax2, a marker for optic stalk and early ventral retina,
and Tbx5, which is expressed in the early, dorsal retina. The pattern along the D±V axis is well illustrated by the
expression profiles of some B-type Eph receptors andA plasmid carrying cVax in the expression vector pMiwIII
(Suemori et al., 1990) was electroporated into the right ligands (Holash and Pasquale, 1995; Henkemeyer et al.,
1996; Braisted et al., 1997; Connor et al., 1998). Theoptic vesicle. Embryos were sacrificed after 24 hr and
analyzed for marker expression. Electroporation of cVax receptors EphB2 and EphB3 are expressed within the
ventral retina (Figures 5A and 5D), while the ligands,caused dramatic upregulation of Pax2 expression in the
dorsal retina (11 of 13 cases; Figures 4A, 4B, and 4E). ephrinB1 and ephrinB2, are confined to the dorsal retina
(Figures 5G and 5J).Conversely, expression of the early dorsal marker Tbx5
Neuron
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Figure 5. Ventralization of EphB Expression
Profiles following Vax Misexpression
(A±C) Expression of EphB2 at E8. Control reti-
nae showed the typical graded expression in
the ventral retina (A). In retinae infected with
RCAS-mVax2 (B) or RCAS-cVax (C), however,
ectopic expression of EphB2 was observed
in the dorsal hemisphere.
(D±F) Expression of EphB3 at E8.
(D) Control retina.
(E) Retina infected with RCAS-mVax2.
(F) Retina infected with RCAS-cVax.
(G±I) Expression of ephrinB1 at E8. Expres-
sion is restricted to the dorsal retina in the
controls (G).
(H and I) Retinae infected with RCAS-mVax2
(H) or RCAS-cVax (I) show loss of ephrinB1
expression.
(J±L) Expression of ephrinB2 at E8.
(J) Control retina.
(K and L) Retinae infected with RCAS-mVax
(K) or RCAS-cVax (L).
Nasal is to the left, and temporal to the right.
Viral infection in all cases was at HH stage
11 into both optic vesicles. Scale bar, 1 mm.
To address the relationship between the early ventral per experiment and observed ventralization of EphB re-
ceptor and ephrinB expression in all Vax-infected speci-expression of mVax2/cVax and the polarized expression
mens. We did not observe any differences between reti-domains of these EphB molecules, we examined the
nae infected with RCAS-cVax and those infected withconsequence of misexpressing cVax and mVax2 in the
RCAS-mVax2. Generally, we obtained complete infec-dorsal retina on EphB expression. To this end, we uti-
tion of the neural retina at E8, which resulted in a uniformlized the replication-competent retroviral vector RCAS
up- or downregulation of the analyzed EphB molecules(replication-competent avian virus with splice acceptor;
across the retina. In rare cases, we observed an incom-Petropoulos and Hughes, 1991; Morgan and Fekete,
plete effect in terms of the ventralization of the pattern1996) carrying one of the following: mVax2 (RCAS-
of EphB molecules (e.g., Figure 5F). The areas wheremVax2), cVax (RCAS-cVax), a control cDNA±alkaline
alterations of the Eph profiles were detected in thesephosphatase (RCAS-AP), or an unrelated homeobox
specimens correlated with the domains of retroviral in-gene, SOHo-1 (RCAS-SOHo-1). High-titer viral stocks
fection (data not shown). Thus, forced expression ofwere injected into both optic vesicles at HH stage 11.
mVax2/cVax in the dorsal retina caused the adoption ofThe injected eggs were sacrificed at E8, and the retinae
ventral retinal characteristics.were dissected and analyzed for expression of the EphB
family members. Misexpression of either Vax cDNA re-
Retinal Overexpression of cVax Leads to In Vivosulted in the complete ventralization of these EphB ex-
Targeting Errors of Dorsal Ganglion Cell Axons
pression profiles. EphB2 and EphB3 transcripts were
in the Optic Tectum
observed in the dorsal hemisphere of RCAS-mVax2- The most well-studied readout of retinal patterning is
(Figures 5B and 5E) and RCAS-cVax- (Figures 5C and the topographic projection of the retina to the optic
5F) infected retinae but not in those infected with RCAS- tectum. Since mVax2/cVax appear to be key regulators
AP (Figures 5A and 5D) or RCAS-SOHo-1 (data not of early positional identity along the retinal D±V axis, we
shown). The signal levels of ectopically induced EphB2 expected alterations of Vax expression to have conse-
and EphB3 in the dorsal retina were comparable to the quences on the later formation of the retinotectal projec-
endogenous levels seen in the ventralmost portion of the tion map. We therefore analyzed the topographic projec-
retina. Conversely, ephrinB1 and ephrinB2 transcripts tions of ganglion cell axons in vivo following retroviral
were virtually eliminated from their usual expression do- misexpression of cVax in the early retina. To investigate
main in the dorsal retinae after infection with RCAS- the behavior of retinal ganglion cell axons, a small num-
mVax2 (Figures 5H and 5K) or RCAS-cVax (Figures 5I ber of retinal fibers were labeled at E16/E16.5 by focal
and 5L) but not after infection with a control virus (Fig- injection of the lipophilic dye 1,19-dioctadecyl-3,3,3939-
tetramethylindocarbocyanine perchlorate (DiI) into theures 5G and 5J). We analyzed a minimum of six retinae
D±V Patterning of the Retina by Vax Genes
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dorsal retina, close to the nasal±temporal midline (Figure cell axons by injecting DiI into peripheral areas of the
6A). The resulting projection pattern was analyzed 2.5 temporal±ventral retina (n 5 6; Figures 6I±6K). As ob-
days later, at E18.5±19. In chicken, the maturation of served with the controls, the labeled fibers entered and
the retinotectal projection map is complete by E16 (Na- projected into the medial tectum, close to its rostral
kamura and O'Leary, 1989). By this time, aberrant or edge (Figures 6J and 6K). A well-defined TZ was ob-
overshooting axons have been eliminated, and only cor- served in all cases. In two specimens, in which DiI was
rectly targeted projections within a well-defined, fo- placed closer to the D±V midline (i.e., in areas that nor-
cused termination zone (TZ) remain. Therefore, both DiI mally express only low levels of cVax; compare Figure
labeling and the subsequent analysis of the fiber behav- 2H), the TZ had a more diffuse appearance (data not
ior were performed after maturation of the retinotectal shown). Furthermore, neurofilament staining of ganglion
map. cell axons in the stratum opticum revealed clear disorga-
In control animals (uninfected or infected with the nization of the fibers in the lateral but not the medial
control virus, RCAS-AP; n 5 7), dorsal axons entered optic tectum (data not shown). Thus, cVax misexpres-
the optic tectum at its most rostral±lateral edge and sion caused grossly aberrant projections of dorsal gan-
formed a tight TZ in the lateral tectum along the rostral± glion cell axons but appeared not to alter the projections
caudal midline (Figures 6B and 6C), reflecting the ex- of fibers emanating from the ventralmost retina.
pected axon behavior (Crossland et al., 1974). More-
over, following infection with a control virus carrying an Discussion
unrelated homeodomain protein, SOHo-1, dorsal axons
formed a TZ within the expected tectal region, and none Structure and Expression of mVax2 and cVax
of the phenotypes typical for dorsal ganglion cell axons Here, we describe the cloning and characterization of
after cVax misexpression (see below) were observed. two Emx-related homeobox genes, mVax2 and cVax,
This indicates that misexpression of any homeodomain- that play a key role in patterning of the retinal D±V axis.
containing protein in the retina does not grossly affect All Vax genes cloned to date, mVax1, mVax2, and cVax,
axonal mapping (data not shown). share identical homeodomain sequences (Figure 1b).
The normal, precise projection pattern of dorsal axons Sequence similarities, although limited, can also be
was abolished following retroviral misexpression of cVax found outside the homeobox. mVax2 was mapped ge-
in the early retina (12 of 13 embryos; Figures 6D±6H). netically to mouse chromosome 6, a region homologous
First, the axonal trajectories were much more medial to the chromosomal region containing the EMX1 locus
than in the control. Dorsal ganglion cell axons grew into in humans (Kastury et al., 1994). Interestingly, mVAX1
the lateral tectum, close to the lateral±medial midline is located close to the EMX2 locus (Hallonet et al., 1998),
instead of close to the rostral±lateral edge, as dorsal raising the possibility that this family is the result of a
fibers in control animals do. Indeed, their pathway never tandem duplication event of an ancestral EMX/VAX pair.
encompassed the lateralmost tectum, where their TZ Unlike Emx1 and Emx2, which have overlapping expres-
would normally be found. Occasionally, a small number sion domains (Boncinelli et al., 1995), the mouse Vax
of dorsal axons were found to enter the medial optic
genes are expressed in mutually exclusive domains.
tectum (Figures 6G and 6H). However, we never ob-
While Vax1 expression is seen in the optic stalk and
served a case in which all dorsal axons projected and
ventral forebrain during mouse and Xenopus develop-
formed a TZ in the medialmost tectum, which would
ment, mVax2 expression is restricted to the ventral neu-constitute a complete ventralization of the projections.
ral retina.cVax viral misexpression appears therefore not to be
The Vax gene identified in chicken, cVax, displayssufficient to fully convert dorsal into ventral mapping
highest sequence similarity to mVax1, suggesting that itbehavior. Second, no mature TZ could be found follow-
is the chick homolog of mVax1 (Figure 1b). Its expressioning cVax misexpression (12 of 13 cases). The labeled
domains during chick embryonic development encom-axons frequently changed their orientation and formed
pass those of both mVax1 and mVax2. Therefore, thea lattice-like network of processes extending over large
functional role of Vax in chicken seems to be achievedareas of the tectum, encompassing as much as one-
by tissue-specific regulation of a single gene, althoughthird of the lateral tectal surface. Most strikingly, frequent
we cannot strictly exclude the possibility of an additionalcollaterals and ectopic arborizations were observed (12
Vax gene in chicken. The onset of cVax expression dur-of 13 cases; Figures 6D±6H). These arborizations ap-
ing early eye morphogenesis coincides with that of thepeared to be located near the tectal surface within the
transcription factor Tbx5, which is confined to the dorsalstratum opticum rather than in the deeper tectal layers,
retina (Figure 3). Ectopic cVax expression within thewhere ganglion cell axons normally form their synapses
dorsal retina led to downregulation of Tbx5, suggestingwith tectal neurons. Vax misexpression, thus, caused
that cVax expression may be important in restrictingprofoundly aberrant projections of dorsal ganglion cell
Tbx5 expression to the dorsal retina. Expression of Pax2,fibers. Following analysis of the labeled fiber patterns,
a marker of optic stalk and ventral optic cup, precedeswe verified complete infection of the retinae by in situ
cVax expression within the ventral optic vesicle (Figurehybridization with an RCAS-specific probe (12 of 13
3). It is therefore unlikely that cVax is required for thecases; data not show). A comparison of the axonal be-
initiation of Pax2 expression. However, since cVax mis-havior in control and RCAS-cVax-infected retinae is
expression led to a specific upregulation of Pax2 tran-schematized in Figure 7.
scripts, it may be involved in Pax2 regulation at a laterTo test whether the phenotype following cVax misex-
stage in development. We are currently investigatingpression was specific to the dorsal retina, we analyzed
the axonal behavior of more ventrally located ganglion this issue. The regulation of Pax2 by cVax seems to be
Figure 6. Retinotectal Projections at E18±E19 in Control and RCAS-cVax-Infected Animals
(A) Outline of the retina, whose projections are shown in (B); the arrow indicates the position of the DiI label in the dorsal periphery, close to
the nasal±temporal midline. Corresponding sites were labeled in (D) through (H).
(B and C) A typical tectal projection pattern following retinal labeling of a small population of dorsal fibers in uninfected animals. The axons
entered from the left lateral tectum at its rostral end, traveled along the lateral edge, and formed a tight TZ near the rostral±caudal midline.
(B) Whole-mount view of the DiI-labeled fibers, with the point of axon entry marked by a red arrow.
(C) Schematic drawing of the entire left tectum shown in (B). The axon pathway is indicated in red.
(D and E, and F±H) Two examples of dorsal axon fiber pathways following RCAS-cVax infection of the early retina.
(D and E) Whole-mount views of the left lateral region of an infected tectum. The axons were directed toward the caudal±medial tectum,
rather than the caudal±lateralmost region of the tectum, as in controls (i.e., compare with [B] and [C]). In each case, the fibers did not form
a tight TZ but instead formed arborizations and aberrant projections at various sites. In (E), schematic drawing of the tectum shown in (D).
(F and G) Axon trajectories of dorsal ganglion cell fibers on the lateral optic tectum of another cVax-infected animal. In this specimen, a small
number of axons entered the medial tectum; these axons also failed to form a T2. The point of axon entry into the medial tectum is shown
with a red arrowhead in (G) and (H).
(H) Schematic drawing of the tectum shown in (F) and (G).
In panels (B±H) the axon entry point into the lateral optic tectum is indicated by a red arrow; the fiber pathway is indicated in red in (C), (E),
and (H), respectively.
(I) Outline of the retina labeled with DiI in the ventral±temporal periphery, whose projection into the tectum is shown in (J). The arrow indicates
the placement of DiI.
(J and K) A typical projection pattern into the tectum following retinal labeling of a small population of ventral±temporal fibers in RCAS-cVax-
infected animals.
(J) Whole-mount views of the medial region of the tectum. The axons entered the medial tectum and formed a TZ in the rostral±medial tectum.
The location of the TZ in the rostral tectum is the consequence of labeling ganglion cells in the temporal retina.
(K) Schematic drawing of the brain shown in (J), with the axon pathway highlighted in red. The point of axon entry is marked by a red arrow.
Abbreviations: r, rostral; c, caudal; m, medial; l, lateral; n, nasal; t, temporal; d, dorsal; v, ventral; and TZ, termination zone.
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Figure 7. Schematic Drawing of the Trajecto-
ries of Dorsal Retinal Fibers in Uninfected Ani-
mals Compared with RCAS-cVax-Infected
Animals
(A) Projection in uninfected animals. Axons
(shown in red), originating from the dorsal pe-
riphery of the retina, close to the nasal±
temporal midline, travel radially toward the
optic nerve head (left panel). They enter the
optic tectum at its rostral side and form a
focused TZ at the lateralmost tectal edge,
close to the rostral±caudal midline (right
panel). Expression of cVax (shown in gray) in uninfected animals is restricted to the ventral retina only.
(B) Projections in animals following cVax misexpression in the retina. Retroviral misexpression leads to uniform expression of cVax in the
entire retina, shown in gray. In the retina, dorsal axons (shown in red) travel radially toward the optic nerve (left panel). Upon entering the
optic tectum at the lateral side, their trajectories are directed toward the lateral±medial midline (right panel). Instead of forming TZs, these
axons extend ectopic arborizations and collaterals over wide areas of the tectal surface. A small percentage of axons enter the tectum from
the medial side. Ganglion cell axons originating from the temporal±ventral retina (shown in blue) project into the rostro±medial tectum, thus
reflecting the normal mapping behavior of ventral axons.
Abbreviations: r, rostral; c, caudal; m, medial; l, lateral; n, nasal; t, temporal; d, dorsal; and v, ventral.
conserved since misexpression of other Vax proteins, events, however, affect the different fates taken along
the proximal±distal axis of the eye anlage, i.e., whethersuch as xVax2 and hVAX2, also lead to Pax2 upregula-
tion when misexpressed (Barbieri et al., 1999). domains are fated to become optic stalk, pigmented
epithelium, or neural retina. Judged from the onset of
expression and the phenotypes following retroviral mis-Timing of Axis Formation in the Retina
during Embryonic Development expression reported here, we believe that cVax and
mVax2 control the specification of ventral identity withinThe time at which A±P and D±V axes within the neural
retina are formed during embryonic development has the neural retina proper after morphogenesis of the bi-
layered eye cup is initiated.been studied, using surgical manipulations, such as ex-
cision or rotation of the eye anlage, followed by analysis Studies of retinoid deficiency syndromes in verte-
brates, such as induced fetal vitamin A deficiency, inhibi-of the ganglion cell trajectories of the resulting eye struc-
ture. In chick, several studies have determined that the tion of retinoic acid (RA) synthesis, and the analysis
of RA receptor null mutations, have demonstrated thetime of A±P axis formation is before HH stage 11, i.e.,
before invagination of the optic vesicle and formation importance of RA for eye morphogenesis (reviewed by
DraÈ ger et al., 1998; Morriss-Kay and Ward, 1999). Vita-of the optic cup (Crossland et al., 1974; Goldberg, 1976;
DuÈ tting and Meyer, 1995; DuÈ tting and Thanos, 1995). min A deprivation during gestation causes various ocu-
lar malformations, including a selective reduction in theThe time of D±V axis formation is less clear but appears
to be after HH stage 11 and before HH stage 13/14, thus, size of the ventral eye. The time of vulnerability to vitamin
A deficiency coincides with the formation of the eyebriefly preceding or coinciding with the invagination of
the optic vesicles (Matsuno et al., 1992; D. S. and C. L. C., anlage and invagination of the optic vesicle. Expression
of two different RA-generating enzymes subdivides theunpublished data). This indicates that assignment of
the retinal D±V axis lags behind that of the A±P axis, a early eye along the D±V axis in vertebrates, resulting in
a D±V gradient in RA (McCaffery et al., 1992; Marsh-situation similar to that of other regions of the CNS, such
as the developing chick hindbrain (Simon et al., 1995). Armstrong et al., 1994; Godbout et al., 1996). Manipula-
tions of this RA gradient during formation of the opticAt HH stage 13/14, the optic vesicle invaginates from
the ventral region to form the bilayered optic cup. At primordia in zebrafish resulted in ocular malformations
specifically affecting the development of the ventral eyethis time, the expression of cVax and mVax2 initiates.
Thus, expression of these Vax genes is coincident with structure (Hyatt et al., 1992; Marsh-Armstrong et al.,
1994; Hyatt et al., 1996). However, the consequence ofthe establishment of the retinal D±V axis, in the perfect
time and place to play a role in the control of retinal D±V changing endogenous RA levels on regional patterning
within the remaining retina, as for example on retinotec-polarity.
Expression of the morphogen Sonic hedgehog (Shh) tal targeting, is less clear. The demonstration that mVax2
and cVax are capable of ventralizing the early chickin the ventral midline of the CNS has been shown to
play an important role in eye-field division and in early retina and are important for topographic mapping pro-
vides a context for understanding how events importanteye morphogenesis (Macdonald et al., 1995; Chiang et
al., 1996). Alterations in Shh signaling perturb the ex- for patterning of the early eye anlage relate to the estab-
lishment of retinotectal projections.pression domains of Pax2 and Pax6 (Ekker et al., 1992;
Macdonald et al., 1995; Chiang et al., 1996). A recent
report implicates the winged-helix transcription factor
BF-1 in the control of Shh expression in the ventral Ventralization of the Developing Neural Retina
following Vax Misexpressiontelencephalon and thus in early eye morphogenesis (Huh
et al., 1999). All of these studies demonstrate the impor- Ectopic expression of cVax or mVax2 promoted ventrali-
zation of the retina. Complete loss of the dorsal markers,tance of midline signaling by Shh for patterning the ven-
tral diencephalon and optic vesicle. These patterning ephrinB1 and ephrinB2, and induced ectopic expression
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of the ventral markers, EphB2 and EphB3, were ob- two transcription factors important for map formation
along the nasal±temporal axis of the retina (Yuasa et al.,served in the dorsal retina following Vax misexpression.
Thus, when the dorsal retina was forced to express Vax, 1996). In the study of CBF-1 and CBF-2, as well as in
mice with targeted deletions of ephrinA5 (Frisen et al.,it acquired an EphB profile characteristic of the normal
ventral retina. 1998), a significant number of axons were still able to
form TZs at the expected location. Some features of theWhile a role in controlling nasal±temporal aspects of
the mapping behavior of retinal ganglion axons has been observed axon behavior following cVax misexpression
are reminiscent of the transient phase of branch andestablished for the A-type Eph molecules, there are no
functional data addressing the role of B-type Eph mole- arbor formation occurring between E11 and E14 in nor-
mal development (Nakamura and O'Leary, 1989). Duringcules in the retina. However, a common feature of both
classes of Eph molecules in the retina is that some this period, ingrowing axons spread over a wide area
surrounding the future TZ, extending collaterals and ec-representatives of each subgroup are expressed in mu-
tually exclusive domains along the major retinal axes. topic arborizations before the tight, mature TZ is formed
by extensive axon remodeling. The projections of RCAS-EphA3 and ephrinA5 are expressed asymmetrically
along the nasal±temporal axis, while expression of the cVax-infected ganglion cell axons observed at E18,
however, do not simply reflect a block in maturation ofB-type receptors, EphB2/B3, and the ligands, ephrinB1/
B2, subdivides the retina along the D±V axis. The mecha- the retina, since (1) ingrowing axons never encom-
passed the area of the predicted TZ, as they do in controlnisms that underlie the graded and restricted expression
of any of these Eph receptors or ephrins in the retina retinae, even at earlier times in development, (2) the
axonal trajectories were aberrant; rather than followinghave remained unknown until now. mVax2 and cVax are
the first transcription factors identified whose restricted the rostral±lateral edge, the axons took a much more
medial route, (3) this effect appeared to be specific forexpression within the early eye are required for the
graded and complementary expression of Eph mole- dorsal ganglion cell axons, and (4) expression of another
marker of retinal maturation, green cone opsin, wascules. Both upregulation of ventral markers and down-
regulation of dorsal markers were observed following comparable to the control at E18 (data not shown). It is
thus unlikely that cVax misexpression caused a merecVax or mVax2 misexpression. This suggests that these
Vax genes either function as both activators and repres- developmental delay of the infected retinae. It is also
unlikely that the observed phenotypes were the resultsors or that some of the observed phenotypes are medi-
ated by secondary, indirect effectors. In either case, our of intraretinal errors in pathfinding, since ganglion cell
axons in the cVax-infected retinae did not crisscrossstudy suggests that dorsal and ventral retinal fate may
initially be controlled by a common switch, namely, the within the retina, but traveled radially to the optic nerve
head (data not shown).presence or absence of the mVax2/cVax gene product.
Retinae infected with RCAS-cVax or RCAS-mVax2 An appealing interpretation for the observed targeting
phenotype is that cVax-infected dorsal ganglion cell ax-were often smaller than the control retinae (e.g., Figure
5). This growth retardation could be the result of a spe- ons are unable to properly read positional cues in the
cific loss of dorsal cells caused by the Vax viruses or, tectum. This prevents them from responding to their
alternatively, a more general impairment in tissue prolif- cues by map remodeling and eliminating aberrant axons
eration due to the severely altered positional identity of and arbors. Consequently, these axons are incapable
retinal progenitor cells. However, if RCAS-Vax infection of forming the TZ characteristic of a normal, mature
does induce cell loss in the dorsal retina, the isolated retinotectal map. Some of the ectopic arborizations
domains of receptor upregulation seen occasionally were formed at more rostral or caudal sites than would
after incomplete infection (e.g., Figure 5F) would have have been predicted by the placement of the DiI label.
to be the result of a specific replacement of the lost This could indicate targeting errors not only along the
dorsal cells by ventral cells. As this is unlikely, we favor tectal D±V axis but also along the rostrocaudal axis.
the explanation that the growth reduction is a secondary Alternatively, it may be the consequence of RCAS-cVax-
consequence of the forced change in positional informa- infected axons being unable to respond to guidance
tion of proliferating retinal precursor cells. Since little is cues by proper map remodeling and maturation, as dis-
known about a possible connection between the acqui- cussed above. In this case, initially overshooting axons
sition of positional identity and cell proliferation in the and aberrant collaterals may be preserved and thereby
early retina, the exact nature of the observed size reduc- contribute to the observed projections. Our data do not
tion remains to be elucidated. allow us as of yet to distinguish between these two
possibilities.
It has been suggested that B-type Eph receptors areTopographic Targeting Errors of Dorsal Ganglion
Cell Axons after cVax Misexpression involved in retinotectal mapping along the D±V axis,
although there are at present no functional data avail-Dorsal ganglion cell axons were found to make topo-
graphic errors in two respects following cVax misex- able to support this hypothesis. The alterations in EphB
expression profiles following Vax misexpression and thepression. First, the axon trajectories were ventralized,
as they never encompassed the lateralmost tectum, the observed targeting errors of dorsal ganglion cells de-
scribed here are consistent with the model that targetarea where the normal TZ should have been formed.
Second, dorsal ganglion cell axons did not form mature recognition along the D±V axis may indeed be linked to
the graded expression of EphB molecules. As the dorsalTZs but extended instead over large areas of the tectum,
forming frequent collaterals and ectopic arborizations. ligands, ephrinB1 and ephrinB2, are not found on gan-
glion cell axons (Braisted et al., 1997), it is unlikely thatThis sharply contrasts with the phenotype observed fol-
lowing retroviral misexpression of CBF-1 and CBF-2, loss of these ephrins is responsible for the observed
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gene SOHo-1 (Deitcher et al., 1994), which is expressed in an A±Ptargeting errors. Rather, this phenotype might instead
gradient in the retina, were used.be attributed to the ectopic expression of the receptors,
which are present on ganglion cell fibers during the time
Chromosomal Mapping of the Mouse Vax2 Geneof target innervation. It is also worth pointing out that
The mVax2 gene was mapped by analysis of multilocus crossesthe expression of EphB2/B3 and ephrinB1/B2 in the
(NFS/N 3 Mus spretus) 3 M. spretus or C58/J. Data from this crosstectum was not affected following ectopic expression
were analyzed as described in Green (1981).
of cVax in the developing tectum (data not shown). Thus,
if the targeting errors after cVax misexpression are
Electroporation and Viral Injectionlinked to changes in EphB expression, it solely reflects
pMiwIII/cVax (1±2 mg/ml) and pMiwIII/GFP (0.4 mg/ml) were electro-
their function within the retina. The ability to specifically porated into the right optic vesicles of HH stage 9±10 chick embryos
target gene alterations to the retina is a clear advantage with a CUY21 BEX electroporator. To allow vector uptake, the DNA
of the system described here over the analysis of general was pressure injected into the right optic vesicle. An electric current
(3 3 10 V pulses for 50 ms, with an interval of 950 ms between eachgenetic alterations of those genes in mice.
pulse) was then applied over the right optic vesicle by inserting aWhile the correlation between changes in the EphB
sharpened tungsten needle connected to the cathode into the centerreceptor expression profiles in the retina and the ob-
of the anterior neural tube and placing the anode outside the optic
served targeting errors is striking, it does not allow a vesicle in contact with the vesicle. This resulted in DNA uptake into
conclusion to be drawn concerning the role of these the most distal region of the optic vesicle, the future neural retina.
receptors in the formation of the retinotectal map. cVax The untreated left optic vesicle served as an internal control. Em-
bryos were harvested 24 hr later, the expression of GFP was de-or mVax2 misexpression affected not only the expres-
tected with an Olympus IMT-2 inverted microscope, and embryossion of EphB2/B3 and ephrinB1/B2 but also the expres-
were processed for in situ hybridization. For retroviral infections,sion of Pax2 and Tbx5. The effect of alterations in the
viral stocks were injected into both optic vesicles at HH stage 11.
expression domains of Pax2 and Tbx5 on potential guid-
ance cues, both EphB-related and nonrelated, remains
In Situ Hybridizationto be elucidated. Moreover, it is likely that mVax2/cVax
Whole-mount and section in situ hybridization were performed as
control the expression of additional, still unknown mole- described previously (Riddle et al., 1993). In situ hybridization of flat-
cules in the retina that may play a role in topographic mounted retinae was as described (Bruhn and Cepko, 1996). The
mapping. In addition, molecules not influenced by Tbx5 probe was obtained from M. Logan (Harvard Medical School,
Boston, MA), the Pax2 and Pax6 probes from J. Golden (UniversitymVax2/cVax may be important for axon guidance along
of Pennsylvania, Philadelphia, PA). EphrinB1 and ephrinB2 probesthe D±V axis. Therefore, the partial ventralization of the
were obtained from D. O'Leary (Braisted et al., 1997), and EphB2 anddorsal axons following Vax misexpression may be due
EphB3 probes from E. Pasquale (Connor et al., 1998). A minimum of
to these remaining dorsal axon guidance factors. six embryos was analyzed with each probe following misexpression
Taken together, our data place the homeodomain pro- of cVax or mVax2, respectively.
teins mVax2 and cVax as key regulators of ventral iden-
tity during early retinal development. They are sufficient
Anterograde DiI Labeling
to regulate the expression of various markers asymmet- In ovo anterograde labeling was performed between E16 and E17
rically distributed along the retinal D±V axis, including (HH stage 42±43) by local, dorsal injection of a small amount of DiI
(Molecular Probes; 8% w/v in N,N-dimethyl formamide) into the rightthe expression of the Eph receptors EphB2 and EphB3.
eye, resulting in the labeling of a small number of ganglion cell axonsFurthermore, spatially restricted expression of mVax2/
(average, 50±200). For analysis of dorsal axon fibers, injections werecVax is necessary for the proper development of retino-
made into the dorsal retina, close to the A±P midline. For reasonstectal mapping.
of accessibility of the chick eye in ovo, labeling of ventral fibers
required introduction of the injection needle into the temporal eye,
close to the D±V midline. The injection needle was then moved
Experimental Procedures
ventrally, where a small volume of DiI was expelled onto the ganglion
cell layer of the ventral retina. The embryos were harvested at E18±
Cloning and Plasmids
E19 and staged according to HH (stage 44±45), and the brain and
Mouse Vax2 was isolated in a previously described screen for ho-
right, experimental retina were removed and fixed in 4% paraformal-
meobox genes expressed in the retina (Furukawa et al., 1997). Fully
dehyde. The left tectum was then dissected out and analyzed as
degenerate primers, corresponding to the following amino acid se-
described previously (Nakamoto et al., 1996). Briefly, an incision
quences, were used for RT-PCR: LRLEVEF and QVWF(K/S)NRR.
along the rostral±caudal axis was made, allowing the tectum to be
The mVax2 cDNA fragment so obtained was used to screen a mouse
spread open. The tissue was then immersed in glycerol containing
postnatal day 1±7 (P1±P7) eye cDNA library (gift of J. Nathans). The
240 nM n-propyl gallate, 22 mM diazabicyclo-octane, and 230 mM
homeodomain of cVax was isolated, using nested degenerate PCR
p-phenylenenediamine (Sigma); coverslipped; and analyzed under
on chick E5 and E10 retinal cDNAs. This fragment was used to
a Zeiss Axiophot microscope. Inspection of the retinae, oriented by
screen a HH stage 12±15 total embryonic cDNA library and an E6±E8
the optic fissure, confirmed that the DiI label was placed at the
chick retinal cDNA library by low-stringency hybridization (D. Wu
expected site and that labeled axons extended toward the optic
and C. L. C., unpublished). In addition, degenerate PCR on HH stage
nerve head from this site only.
8±24 whole embryonic and E3.5±P26 retinal mRNA was performed.
Despite extensive efforts to isolate additional chick homologs, we
isolated only a single Vax gene, cVax. Full-length mVax2 and cVax Acknowledgments
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